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Abstract
Background and Objectives
β-Amyloid (Aβ) plaques can co-occur with Lewy-related pathology in patients with dementia
with Lewy bodies (DLB), but Aβ load at prodromal stages of DLB still needs to be elucidated.
We investigated Aβ load on PET throughout the DLB continuum, from an early prodromal
stage of isolated REM sleep behavior disorder (iRBD) to a stage of mild cognitive impairment
with Lewy bodies (MCI-LB), and finally DLB.

Methods
Weperformed a cross-sectional study in patients with a diagnosis of iRBD,MCI-LB, or DLB from
the Mayo Clinic Alzheimer Disease Research Center. Aβ levels were measured by Pittsburgh
compound B (PiB) PET, and global cortical standardized uptake value ratio (SUVR) was
calculated. Global cortical PiB SUVR values from each clinical group were compared with each
other and with those of cognitively unimpaired (CU) individuals (n = 100) balanced on age and
sex using analysis of covariance.We usedmultiple linear regression testing for interaction to study
the influences of sex and APOE e4 status on PiB SUVR along the DLB continuum.

Results
Of the 162 patients, 16 had iRBD, 64 had MCI-LB, and 82 had DLB. Compared with CU
individuals, global cortical PiB SUVRwas higher in those withDLB (p < 0.001) andMCI-LB (p =
0.012). The DLB group included the highest proportion of Aβ-positive patients (60%), followed
by MCI-LB (41%), iRBD (25%), and finally CU (19%). Global cortical PiB SUVR was higher in
APOE e4 carriers compared with that in APOE e4 noncarriers in MCI-LB (p < 0.001) and DLB
groups (p = 0.049). Women had higher PiB SUVR with older age compared with men across the
DLB continuum (β estimate = 0.014, p = 0.02).

Discussion
In this cross-sectional study, levels of Aβ load was higher further along the DLB continuum.
Whereas Aβ levels were comparable with those in CU individuals in iRBD, a significant elevation
in Aβ levels was observed in the predementia stage ofMCI-LB and in DLB. Specifically,APOE e4
carriers had higher Aβ levels than APOE e4 noncarriers, and women tended to have higher Aβ
levels thanmen as they got older. These findings have important implications in targeting patients
within the DLB continuum for clinical trials of disease-modifying therapies.
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Patients with dementia with Lewy bodies (DLB) commonly
have β-amyloid (Aβ) at autopsy, one of the pathologic hall-
marks of Alzheimer disease (AD).1-3 Amyloid pathology in
patients with DLB can progressively build up during life
starting from a prodromal stage to dementia.4,5 One of the
prodromal DLB syndromes defined by the current research
criteria is mild cognitive impairment with core clinical features
of DLB (MCI-LB).6 Increasing evidence has demonstrated
that isolated REM sleep behavior disorder (iRBD) may
constitute the first manifestation of underlying Lewy-related
pathology and is often the first clinically identifiable stage in
the DLB continuum occurring before MCI-LB.7

Aβ can be studied in vivo with PET imaging using 11C-
Pittsburgh compound B (PiB), one of the most widely in-
vestigated Aβ PET ligands. More than half of the patients with
probable DLB have elevated Aβ on PiB-PET scan.8-10 A higher
PiB-PET uptake in patients with DLB has been associated with
greater clinical severity and accelerated disease progression.8,11

An earlier study has also reported a higher PiB-PET uptake in
patients with MCI-LB5; however, PiB-PET uptake along the
DLB continuum, including iRBD, MCI-LB, and DLB still
needed to be elucidated.

Another important question is whether Aβ accumulation in the
DLB continuum is associated with factors, such as sex, APOE e4
status, or core clinical features of DLB. Recent diagnostic criteria
for DLB and for MCI-LB are characterized as possible or
probable based on diagnostic certainty associated with the
number of core clinical features of DLB and presence of in-
dicative biomarkers.6,12 These features are associated with
the progression to dementia with underlying Lewy-related
pathology13-17; however, the literature about the association of
clinical features of DLB with AD pathologic changes, such as
cortical Aβ accumulation, is scarce. Determining Aβ load on
PET at different stages throughout the DLB continuum and
understanding the factors that modify the Aβ load is critical to
improve patient selection for new clinical trials designed to target
AD-related Aβ deposition in DLB and to enable interpretation
of therapeutic response to future interventions targeting alpha-
synuclein–related pathology.

Our objective was to determine the Aβ deposition on PET
within the DLB continuum, starting from the earliest prodromal
stages of iRBD, and MCI-LB, and finally DLB. We also in-
vestigated the contribution of sex, APOE e4 status,, and number

of DLB clinical features to variations in Aβ burden. We hy-
pothesized that PiB uptake and frequency of Aβ positivity would
be higher in patients in the DLB continuum compared with
cognitively unimpaired (CU) controls and that it would increase
progressively throughout the disease stages from iRBD to MCI-
LB and DLB. We also hypothesized that there would be differ-
ences in Aβ PET by sex, APOE e4 status, and number of DLB
clinical features along the DLB continuum.

Methods
Participants
This study included patients with iRBD (n = 16), MCI-LB
(n = 64), and probable DLB (n = 82) who were enrolled in the
Mayo Clinic Alzheimer Disease Research Center. For this study,
we selected patients who had a PET scan with 11C-PiB between
August 2007 and August 2021. All patients underwent a medical
history review, informant interview, neurologic examination, and
neuropsychological assessment. Core clinical features of DLB are
parkinsonism, fluctuations, visual hallucinations, and RBD.12We
used the Classification of Sleep Disorders-II edition criteria for
the diagnosis of isolated RBD, indicating dream enactment be-
havior during sleep without current neurologic features and
having RBD without atonia confirmed by polysomnography.18

Diagnosis of MCI-LB was made according to the McKeith cri-
teria,6 which require impairment in 1 ormore cognitive domains,
preserved or minimally affected performance of complex activi-
ties of daily living, and 1 or more core clinical feature of DLB.
Indicative biomarkers were not used in the diagnosis because of
incomplete data on biomarkers. Data of dopamine transporter
availability in the putamen on 123I-FP-CIT SPECT (DaTscan),
one of the key imaging biomarkers of Lewy body disease, were
available only for 37 (58%) patients with MCI-LB. Therefore, in
this study, MCI-LB diagnosis relied on a designation of possible
MCI-LB for those with 1 core DLB feature and probable MCI-
LB for those with 2 or more core DLB features. A diagnosis of
clinically probable DLB was based on the 2005 International
Consortium Criteria.19 We used 2005 rather than 2017 Con-
sortium Criteria because clinical evaluations occurred before the
publication of the new Consortium Criteria in 2017. CU par-
ticipants (n = 100) without cognitive, motor, or sleep disorders
were selected as a control group from the Mayo Clinic Study of
Aging (MCSA). In MCSA, participants were characterized by a
consensus conference of neurologists, neuropsychologists, and
nurse/coordinators based on clinical and neurocognitive

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ANCOVA = analysis of covariance; CDR = Clinical Dementia Rating; CDR-SOB =
CDR Sum of Boxes; CU = cognitively unimpaired; DaTscan = 123I-FP-CIT SPECT; DLB = dementia with Lewy bodies;
FDR = false discovery rate; iRBD = isolated REM sleep behavior disorder;MCALT = Mayo Clinic Adult Lifespan Template;
MCI-LB = mild cognitive impairment with Lewy bodies; MCSA = Mayo Clinic Study of Aging; MMSE = Mini-Mental
State Examination; PiB = Pittsburgh compound B; PSG = polysomnography; SPM = statistical parametric mapping;
SUVR = standardized uptake value ratio.
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assessments. Participants were characterized as CU when they
were judged to have no cognitive impairment according to
published criteria20,21 and received a score of 0 on the Clinical
Dementia Rating (CDR) scale. In all cases, diagnosis and clinical
assessments were made blinded to PiB-PET biomarker results.

Details regarding the clinical assessment of cognitively normal
participants22 and patient groups6,12 have been provided in
previous reports. In brief, parkinsonism was based on the
neurologic examination as having at least 2 of the 4 cardinal
features (tremors, rigidity, bradykinesia, and postural in-
stability). The Unified Parkinson disease Rating Scale Part III
was used to quantify the severity of parkinsonism but was not
used in the diagnostic process. Visual hallucinations had to be
fully formed, not restricted to a single episode, and not related
to another medical issue, dementia, or treatment. The 4-item
Mayo Fluctuation Scale was used to determine the presence of
cognitive fluctuations. Finally, probable RBDwas considered to
be present when sleep symptoms met the International Clas-
sification of Sleep Disorders-II, diagnostic criteria B. We used
the Mini-Mental State Examination (MMSE)23 to assess pa-
tients’ global cognitive status and CDR Sum of Boxes (CDR-
SOB)24 to assess dementia severity.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Mayo Clinic Institutional Review Board approved the
study, and informed consent on participation was obtained
from all patients or an appropriate surrogate, as stipulated in
the Declaration of Helsinki.

PiB-PET Imaging and MRI
PET imaging was performed on General Electric PET/CT
(GE Healthcare, Chicago, IL) and Siemens PET/CT scan-
ners (Siemens Healthcare, Erlangen, Germany). Differences
in scanners and manufacturers were accounted for by fol-
lowing Joshi et al. method for reducing between-scanner
differences in multicenter PET studies. PiB scans consisted
of four 5-minute dynamic frames after a 40-minute 11C-PiB
uptake period. The PET scanning procedures have been
previously described.25 PiB-PET images were rigidly aligned
to each individual’s T1-weighted MRI. T1-weighted MRI
examinations were performed at 3T MRI for anatomic seg-
mentation and labeling.

PiB-PET Image Processing and Analysis
An automated image processing pipeline was used to analyze
PiB-PET images. In brief, PET images were rigidly aligned to
individual’s T1-weighted MRIs using statistical parametric
mapping 12 (SPM12). MRIs were previously segmented with
Unified Segmentation in SPM12 using population-optimized
priors from the Mayo Clinic Adult Lifespan Template
(MCALT).26 The global PiB retention standardized uptake
value ratio (SUVR) was obtained for a standardized meta-
region including the prefrontal, orbitofrontal, parietal, tem-
poral, anterior cingulate, and posterior cingulate/precuneus
cortical regions. PiB SUVR was referenced to the median

value of cerebellar crus. Patients were further classified as
amyloid positive if they had a global cortical PiB SUVR value
equal or greater than 1.48, which is derived as previously
described.27

A voxel-based analysis was also conducted comparing PiB
SUVR in each group against CU and between groups. Anal-
ysis was conducted in MCALT space using SPM12. Maps of
significant comparisons were displayed at p < 0.05 level after
correcting for multiple comparisons using false discovery rate
(FDR) error correction.

Statistical Analysis
We report demographic and clinical characteristics using
mean values and SDs by clinical groups for continuous vari-
ables and counts and percentages for categorical variables.
Overall, group differences for continuous variables were an-
alyzed with 1-way analysis of covariance (ANCOVA) and
logistic regression with an adjustment for age, except when
model convergence issues arouse where Firth penalized lo-
gistic regression models were performed. All pairwise group
comparisons were performed with Tukey honest significant
differences, except for the penalized Firth results where con-
trast statements were performed. PiB SUVR was analyzed
with a log transformation because of skewness. In the DLB
continuum group of patients (iRBD + MCI-LB + DLB), we
summarized demographic and clinical characteristics by sex
and by APOE e4 carrier status using mean values and SDs for
continuous variables and counts and percentages for cate-
gorical variables. We examined sex and APOE e4 status using t
tests for continuous variables and χ2 tests for categorical
variables. The separately stratified groups of sex and APOE e4
carrier status were then analyzed within each clinical group for
PiB SUVR differences with t tests. Next, we performed mul-
tiple linear regression model testing for interactions to ex-
amine whether the associations of PiB SUVR with sex and
APOE e4 varied with age in the DLB continuum group of
patients. We reduced to parsimonious models with backward
elimination when interactions were not significant and pro-
duced plots of predicted values. Finally, we performed 1-way
ANCOVA, adjusting by age, to compare PiB SUVR between
patients with different number of DLB clinical features within
the MCI-LB and DLB groups. For the MCI-LB group, the
number of clinical features was coded as 1, 2, and 3+ when
patients showed 1, 2, and 3 or more clinical features, re-
spectively. PiB SUVR may be different in patients with MCI-
LB with 1 core clinical feature of DLB and with abnormal
levels in biomarkers of Lewy body pathology when compared
with CU individuals because these patients should be classi-
fied as probable MCI-LB according to the current criteria of
MCI-LB.6 However, DaTscan findings as a biomarker for
underlying Lewy body pathology was available only for 58% of
patients with MCI-LB. Therefore, we performed a comple-
mentary sensitivity analysis to test whether results are differ-
ent when we include only patients with probable MCI-LB. In
this analysis, patients with MCI-LB with 1 clinical feature of
DLB and abnormal DaTscan patients were reclassified as
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probable MCI and added to the group of patients with MCI-
LB who had 2 or more core clinical features of DLB (n = 45).
Information about DaTscan is detailed in eAppendix 1 (links.
lww.com/WNL/C805). We compared PiB SUVR between
this new group of probable MCI-LB and CU individuals using
ANCOVA, adjusting by age. For the DLB group, the number
of core clinical features was coded as 2, 3, and 4 because by
definition, probable DLB requires 2 or more core features.
Statistical significance was p < 0.05 (2-tailed) in all the
analyses.28

Data Availability
Data that support the findings of this study are available from
the corresponding author on reasonable request.

Results
Characteristics of the Cohort
Demographic and clinical characteristics of the cohort by
groups are listed in Table 1. All patients with iRBD, and most of
the patients withMCI-LB andDLBwho had a clinical history of
recurrent dream enactment behavior, had confirmation of REM
sleep without atonia ± dream enactment behavior during video
polysomnography (PSG). Groups did not differ in the

proportion of men and women. Patients with iRBD were
comparable with CU individuals in all demographic and clinical
variables. The iRBD, MCI-LB, and DLB groups were similar in
age and sex. Patients with DLB had lower MMSE scores and
higher CDR-SOB scores than CU individuals, those with iRBD,
and those with MCI-LB. By definition, the DLB group had a
higher frequency of visual hallucinations, cognitive fluctuations,
and parkinsonism than the iRBD group. The DLB group also
had a higher frequency of visual hallucinations, cognitive fluc-
tuations, and parkinsonism than the MCI-LB group. The pro-
portion of APOE e4 carriers was also higher in the DLB group
compared with that in CU individuals. Data on DaTscan were
available for 81 (50%) individuals. Among them, more than half
of individuals with MCI-LB (21/57; 57%) and DLB (29/33;
88%) had abnormal DaTscan, while a smaller proportion (2/
11; 18%) of individuals with iRBD had abnormal DaTscan.

Aβ PET Findings
Figure 1 shows the differences in global cortical PiB SUVR and
frequency of Aβ positivity among the CU, iRBD, MCI-LB, and
DLB groups. Global cortical PiB SUVRwas higher inDLB (p <
0.001) and MCI-LB (p = 0.012) groups compared with that in
the CU group (Table 1; Figure 1A). The DLB group also had a
higher global cortical PiB SUVR compared with the iRBD
group, but this did not reach statistical significance (p = 0.051).

Table 1 Demographic and Clinical Characteristics of the Cohort by Clinical Groups

CU (n = 100) iRBD (n = 16) MCI-LB (n = 64) DLB (n = 82) Overall p valuea

Age, y 68.3 (9.8) 63.3 (6.6) 69.5 (7.7) 69.6 (8.3) 0.054

Males, n (%) 85 (85) 11 (69) 59 (92) 68 (83) 0.11

APOE «4, n (%)b 22 (23) 6 (40) 25 (40) 32 (42) 0.039

Education, yc 15.3 (2.5) 16.6 (2.6) 16.6 (2.8) 15.4 (3.0) 0.016

MMSEb,d,e 28.7 (1.1) 28.9 (1.1) 27.7 (1.9) 21.8 (6.1) <0.001

CDR sum of boxesb,c,d,e 0.0 (0.0) 0.0 (0.0) 1.5 (0.7) 5.7 (3.4) <0.001

Amyloid positive, n (%)b,c 19 (19) 4 (25) 26 (41) 49 (60) <0.001

PiB PET SUVRb,c 1.44 (0.26) 1.43 (0.22) 1.64 (0.44) 1.78 (0.47) <0.001

Vis Hall, n (%)d,e NA 0 (0) 6 (9) 49 (60) <0.001

Cog Fluct, n (%)d,e,f NA 0 (0) 19 (30) 61 (74) <0.001g

Parkinsonism, n (%)d,e,f NA 0 (0) 41 (64) 74 (90) 0.001

RBD, n (%) NA 16 (100) 53 (83) 77 (94) 0.077g

Abnormal DaTscan, n (%)h NA 2 (18) 21 (57) 29 (88)

Abbreviations: CDR = Clinical Dementia Rating; CU = cognitively unimpaired; DLB = dementia with Lewy bodies; iRBD = isolated REM sleep behavior disorder;
MCI-LB = mild cognitive impairment with Lewy bodies; MMSE = Mini-Mental State Examination; PiB = Pittsburgh compound B; SUVR = standardized uptake
value ratio.
a p Values for differences between groups come from either an analysis of covariance for continuous variables or a logistic regression for categorical
variables. All of them were adjusted by age.
b Significant differences between DLB and CU (p < 0.05).
c Significant differences between MCI and CU (p < 0.05).
d Significant differences between DLB and iRBD (p < 0.05).
e Significant differences between DLB and MCI (p < 0.05).
f Significant differences between MCI and iRBD (p < 0.05).
g The p value for differences in proportion of patients with RBD comes from a logistic regression using Firth penalized likelihood with an adjustment for age.
The pairwise comparisons are from Tukey honest significant difference test, except when involving the penalized Firth models.
h DaTscan data were available for 81 patients (50%) of the study sample (iRBD, n = 11; MCI-LB, n = 37; and DLB, n = 33).
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Global cortical PiB SUVR did not differ between patients with
iRBD and CU individuals (p = 0.92), nor between those with
iRBD andMCI-LB (p = 0.66), or between those with DLB and
MCI-LB (p = 0.10). The proportion of patients classified as Aβ
positive also differed between groups (p < 0.001; Table 1). The
DLB group included the highest proportion of Aβ-positive
patients (60%), followed by those with MCI-LB (41%), those
with iRBD (25%), and finally CU individuals (19%)
(Figure 1B). The proportion of Aβ positivity was higher in
those with DLB compared with that in CU individuals (p <
0.001) and in individuals with MCI-LB compared with that in
CU individuals (p = 0.014). Voxel-based differences in PiB
SUVR of those with DLB and MCI-LB compared with that in
CU individuals are displayed in Figure 2. The DLB and MCI-
LB groups had greater PiB uptake showing a similar pattern in
the entire cortex compared with the CU group (p < 0.05) after
correction for FDR.

Differences in Aβ PET Findings by Sex and APOE
«4 Status
We examined whether global cortical PiB SUVR among groups
differed by sex andAPOE e4 carriership. Table 2 summarizes the

demographic and clinical characteristics of the DLB continuum
group by sex and APOE e4 status. RBD was more common in
men than women (93% vs 75%, p = 0.007; Table 2), but there
were no sex differences in other clinical characteristics or APOE
e4 status.

In theDLB continuum, PiB SUVRwas associated withAPOE e4
status (p < 0.001) but was not associated with sex (p = 0.056).
Multivariable regression analyses yielded an interaction between
age and sex (p = 0.02), showing that women tend to have greater
increase in PiB SUVR with age (β estimate = 0.014). There was
no interaction with APOE e4 (p = 0.22) status and age. When
age and APOE e4 status were included in the same model, older
age (p < 0.001) andAPOE e4 status (p< 0.001) predicted higher
PiB SUVR (Figure 3). In a supplemental analysis, we stratified
the sample by group, though notably, the number of women in
each subgroup was small (n = 5, 31.3% iRBD women; n = 5,
7.8%MCI-LBwomen; and n = 14, 17.1%DLBwomen, 15%CU
women). Only the DLB group showed a sex difference with
women showing higher PiB SUVR than men (p = 0.031), but
when age was included in the model, this difference was not
significant (p = 0.067). APOE e4 carriers comprised 38% of

Figure 1 Global Cortical Aβ Accumulation in the DLB Continuum

(A) Global cortical 11C-PiB SUVR. (B) the
percentage of Aβ positivity among the
clinical groups in the DLB continuum.
Aβ = β-amyloid; CU = cognitively un-
impaired; DLB = dementia with Lewy
bodies; iRBD = isolated REM sleep be-
havior disorder; MCI-LB = mild cogni-
tive impairment with Lewy bodies;
PiB = Pittsburgh compound B; SUVR =
standardized uptake value ratio.
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the patient group and had higher PiB SUVR in the MCI-LB
(p < 0.001), DLB (p = 0.049), and CU (p = 0.006) groups, but
not in the iRBD group (p = 0.69; Figure 4).

Aβ PET Findings and DLB Core Clinical Features
In the MCI-LB group, there was a significant difference in
cortical PiB SUVR between patients with 1, 2, and 3 or more
DLB clinical features (p = 0.003; Figure 5A). Patients with
MCI-LB with 1 core clinical feature of DLB had a higher cor-
tical PiB SUVR than patients with 2 (p = 0.002) and 3 or more
(p = 0.021) core clinical features. Among the 25 patients with
MCI-LBwho had 1 core feature, the breakdown was as follows:
RBD (n = 17, 68%), parkinsonism (n = 7, 28%), visual hallu-
cinations (n = 0, 0%), and fluctuations (n = 1, 4%). Patients
with MCI-LB with 2 and 3 or more clinical features did not
differ in cortical PiB SUVR (p = 0.99). Because indicative
biomarkers were not used in the diagnosis of MCI-LB, the
certainty (possible vs probable MCI-LB) that MCI is due to
Lewy bodies in those with only 1 core clinical feature of DLB is
lower than in those with 2 or more clinical features. We thus
performed a sensitivity analysis in those with MCI-LB with 1
clinical feature who also have abnormal DaTscan (n = 6).
These patients were included in the same group of patients
with MCI-LB with 2 or more core clinical features of DLB
(n = 45). This group was defined as probable MCI-LB
according to current research criteria for MCI-LB.6 Probable

MCI-LB did not show significant differences in PiB SUVR
compared with CU (p = 0.310; eFigure 1, links.lww.com/
WNL/C805). In the DLB group, patients with 2, 3, or 4
clinical features did not show significant differences in PiB
SUVR (p = 0.56; Figure 5B).

Discussion
In this cross-sectional study, we investigated cortical Aβ de-
position on PiB-PET across theDLB continuum, comparingCU
with the early prodromal stage of iRBD, the prodromal stage of
MCI-LB, and finally DLB. Our findings demonstrate that, in the
DLB continuum, elevations of cortical Aβ were observed in
MCI-LB and DLB compared with iRBD and CU. Furthermore,
PiB SUVR was associated with APOE e4 carriership along the
Lewy body continuum but not with sex. However, when looking
at sex differences within each patient subgroup, although the
number of women were limited, women with DLB had greater
PiB-PET levels than men with DLB. Finally, Aβ in patients with
MCI-LB with just 1 core clinical feature tend to have higher
levels of cortical Aβ, indicating a higher proportion of patients
with AD-related pathology in this group.

In our cohort, increased global cortical PiB SUVR was higher
in the DLB and the MCI-LB groups than in controls. In the

Figure 2 Voxel-Based Analysis Comparing 11C-PiB SUVR in the DLB Continuum

Maps are displayed at the p < 0.05 level
with the t values displayed in the color
bar. Correction formultiple comparisons
was applied with false discovery rate er-
ror correction. CU = cognitively un-
impaired; DLB = dementia with Lewy
bodies; MCI-LB = mild cognitive impair-
ment with Lewy bodies; PiB = Pittsburgh
compound B; SUVR = standardized up-
take value ratio.
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DLB group, 60% of patients were classified as Aβ positive
(PiB SUVR ≥1.48), which is consistent with earlier studies
reporting a mean Aβ positivity that ranged from 33% to 69%
in DLB.2,3,8-10,29,30 Fewer studies have reported the frequency
of Aβ positivity in prodromal DLB than in DLB.5,30 Our data
show that up to 41% of patients with MCI-LB are Aβ positive,
which is lower in frequency than the observations in patients
with DLB. This difference in frequency between MCI-LB and
DLB confirms that Aβmay start becoming abnormal at MCI-
LB stage, but it continues to accumulate as the disease

progresses to DLB, as suggested by previous longitudinal Aβ
studies in DLB.31 In the iRBD group, Aβ PET findings were
comparable with CU, and only 25% and 19%, respectively,
were classified as Aβ positive. An earlier study reported a
similar proportion of patients with iRBD who were Aβ PET
positive (16.7%), and this rate was significantly lower than
DLB (72.7%).32 However, this study did not include a group
of CU controls without sleep disorders. Overall, this study
provides data showing that accumulation of Aβ in the cortex
does not arise in the early prodromal stage of iRBD at a

Table 2 Sex-Related and APOE-Related Characteristics

Women (n = 24) Men (n = 138) p Value APOE «4 carriers (n = 63) APOE «4 noncarriers (n = 90) p Value

Age, y 69.9 (8.5) 68.8 (8.0) 0.54 68.5 (7.1) 69.3 (8.8) 0.55

Male, n (%) — — — 55 (87) 77 (86) 0.76

APOE «4, n (%) 8 (38) 55 (42) 0.76 — — —

Education, y 15.6 (2.8) 16.0 (3.0) 0.54 16.3 (2.9) 15.8 (3.0) 0.29

MMSE 25.2 (5.4) 24.8 (5.4) 0.74 24.3 (6.1) 25.3 (5.0) 0.27

CDR sum of boxes 3.5 (4.0) 3.4 (3.2) 0.94 3.4 (3.4) 3.4 (3.4) 0.94

Amyloid positive, n (%) 15 (62) 64 (46) 0.14 46 (73) 30 (33) <0.001

PiB SUVR 1.86 (0.54) 1.66 (0.43) 0.056 1.89 (0.45) 1.56 (0.41) <0.001

Visual hallucinations, n (%) 8 (33) 47 (34) 0.94 25 (40) 28 (31) 0.27

Cog fluctuations, n (%) 12 (50) 68 (49) 0.95 31 (49) 45 (50) 0.92

Parkinsonism, n (%) 16 (67) 99 (72) 0.61 41 (65) 67 (74) 0.21

RBD, n (%) 18 (75) 128 (93) 0.007 55 (87) 85 (94) 0.12

Abbreviations: CDR = Clinical Dementia Rating; MMSE = Mini-Mental State Examination; PiB = Pittsburgh compound B; RBD = REM sleep behavior disorder;
SUVR = standardized uptake value ratio.
The p values for differences between groups come from either a t test for continuous variables or a χ2 test for categorical variables.

Figure 3 Predicted 11C-PiB SUVR by Age in the DLB Continuum Sample (N = 168)

Data were stratified by (A) sex and (B)
APOE e4 carriership. DLB = dementia
with Lewy bodies; PiB = Pittsburgh
compound B; SUVR = standardized
uptake value ratio.
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significantly greater frequency than CU adults but increase in
Aβ seems to be concomitant with later MCI-LB and DLB
stages in the DLB continuum. Whether Aβ accumulation is a
precursor to cognitive impairment within the DLB continuum
needs further investigation with longitudinal PiB-PET and
cognitive testing.

The topographic distribution of elevated cortical Aβ burden in
those with DLB compared with controls has been character-
ized as significantly higher in the frontal, parietal, and superior

temporal lobes, with relatively spared occipital and inferior
temporal lobes.33,34 We found that, compared with CU, ele-
vated cortical PiB SUVR in MCI-LB and DLB followed a
uniform pattern throughout the entire cortex. This dis-
crepancy in the topographic pattern of differences in Aβ
burden may be explained by wide variations in PiB retention
in a healthy population, which is consistent with previous
reports.33,35 Furthermore, there were demographic differ-
ences between the controls used in earlier studies and in our
study. For example, in Gomperts et al.,34 the group of

Figure 4 Global Cortical Aβ Accumulation by Sex and APOE e4 Carriership in the DLB Continuum

Aβ = β-amyloid; CU = cognitively unimpaired; DLB = dementia with Lewy bodies; iRBD = isolated REM sleep behavior disorder; MCI-LB = mild cognitive
impairment with Lewy bodies; PiB = 11C-Pittsburgh compound B; SUVR = standardized uptake value ratio.

Figure 5 Global Cortical Aβ Accumulation by the Number of Core Clinical Features

Differences inglobal cortical PiB SUVRwith increasingnumber
of core clinical features of DLB amongpatientswith (A)MCI-LB
and (B) DLB. Aβ = β-amyloid; DLB = dementia with Lewy
bodies;MCI-LB =mild cognitive impairmentwith Lewybodies;
PiB-PET = 11C-Pittsburgh compound B-PET; SUVR = standard-
ized uptake value ratio.
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healthy controls were older and predominantly women,
while our CU group were younger on average and pre-
dominantly men, similar to the DLB cohort.

Age, female sex, and APOE e4 carriership have been consid-
ered as major risk factors of higher Aβ in DLB.10 In this study,
we found that increasing PiB SUVR was indeed associated
with age and APOE e4 genotype with cross-sectional exami-
nation of the prodromal and dementia stages of DLB. In
agreement with previous results from a large consortium
study,10 our findings also indicated that cortical Aβ burden
increased in APOE e4 carriers regardless of age in MCI-LB
and DLB groups, suggesting that the influence of APOE e4
begins even at the prodromal stage of DLB. APOE e4 may
have a direct influence on Aβ accumulation but may also be
associated with Lewy-related pathology independent of AD
pathology.36 The role of APOE e4 in DLB and whether it has
an indirect influence on clinical phenotypes within the DLB
continuum remains to be seen.

Sex was not related to PiB SUVR levels, though low power
due to the male predominance in the sample and limited
representation of women in our sample may be a factor. The
lack of association between PiB SUVR and sex in prodromal
DLB is consistent with previous data, which have shown that
men and women do not differ in Aβ burden or in the likeli-
hood of Aβ positivity in MCI-LB.5 When plotting sex vs PiB
SUVR, we observed that levels of PiB SUVR increased more
with age in women than men in the whole DLB continuum.
Ferreira et al.10 obtained similar findings in a large cohort of
patients with DLB where the frequency of women was sig-
nificantly higher in those patients classified as Aβ positive
according to CSF and PET data. One explanation for this age-
dependent sex difference in DLB, as previously reported, is
that women are more likely to have a mixed pathology of
Lewy body with AD than men.9 Hence, as patients get older
and becomemore impaired, the probability of having elevated
amyloid pathology increases, and therefore, the difference
between women and men in Aβ accumulation may be more
evident. Nonetheless, individuals in our cohort were mostly
men throughout the DLB continuum, and therefore, the
power to investigate Aβ deposition in women was limited.

Finally, we found an association of Aβ load with the number of
core clinical features of DLB in MCI-LB. Following the cri-
teria based on clinical features, patients with DLB can be
classified as probable DLB if they have 2 or more clinical
features, or possible DLB if only 1 clinical feature is
present.12,19 The same scheme is followed in the research
criteria recently proposed for MCI-LB.6 We found that the
number of DLB core clinical features was associated with PiB
SUVR only in the MCI-LB group, but not in DLB. In DLB,
previous PET studies have also suggested that Aβ biomarkers
do not seem to be associated with the probability of having
any of the clinical features of visual hallucinations, cognitive
fluctuations, parkinsonism, or RBD.5,10 Our data confirm that
Aβ load is not associated with these clinical features in

probable DLB. In MCI-LB, the presence of just 1 clinical
feature of DLB was associated with a higher global cortical PiB
SUVR than having 2 or more clinical features. In other words,
the probability of having elevated levels of Aβ pathology was
higher in those patients with possibleMCI-LB than those with
probable MCI-LB. This finding suggests that there might be
multiple pathologic pathways under the same diagnostic
category of MCI-LB. In a subset of patients with possible
MCI-LB with high Aβ, AD pathology may be the dominating
etiology of their clinical phenotype, potentially with con-
comitant Lewy-related pathology. In those with probable
MCI-LB, with low Aβ, it is possible that the Lewy body dis-
ease may be the dominating etiology. Although this hypoth-
esis needs to be confirmed with neuropathologic and/or
longitudinal data, these findings support the construct of the
MCI-LB research criteria that possible MCI-LB may have
a lower likelihood of progressing to DLB than probable
MCI-LB.6

We did not include indicative biomarkers in our analysis be-
cause of limited availability of data. It is possible that a subset
of patients with MCI-LB with 1 core clinical feature would be
distinguished as probable MCI-LB based on indicative bio-
marker positivity. Despite the limited data on indicative bio-
markers of Lewy body disease, we performed a sensitivity
analysis in those patients with MCI-LB with 1 core clinical
feature of DLB and abnormal DaTscan, a hallmark biomarker
of Lewy body disease (n = 6). These patients were added to
the group of probable MCI-LB with 2 or more core clinical
features of DLB. When those with probable MCI-LB were
compared with CU individuals, there were no significant
differences in PiB SUVR. This result reinforces the hypothesis
that in patients with possible MCI-LB with high Aβ, AD pa-
thology may be the dominating etiology of their clinical
phenotype, while in probable MCI-LB, the dominating pa-
thology is Lewy body disease with low Aβ. However, this
hypothesis requires further investigation with higher number
of patients with MCI-LB and more indicative biomarkers of
Lewy body disease.

One limitation of this study is that our data were cross-sectional
and did not provide information on longitudinal trajectories of
Aβ PET in the DLB continuum or associated risks of clinical
progression in iRBD and MCI-LB groups. As expected, par-
ticipants were mostly men among the 3 clinical groups in the
DLB continuum; therefore, the power to investigate sex dif-
ferences in Aβ PET was limited. Qualitatively, women tend to
have higher levels of Aβ PET than men within each group, but
this difference was significant only in the DLB group with
highest Aβ levels. However, we found that women tend to
accumulate more Aβ as they get older than men. Therefore,
both disease severity and age seem to be influential in Aβ
accumulation. More studies with balanced number of men and
women are still needed to fully understand sex differences in Aβ
PETwithin the DLB continuum. Furthermore, it is known that
other biomarkers, such as striatal dopamine transporter avail-
ability, brain glucose metabolism, or tau pathology are also
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associated with different clinical and pathologic aspects of the
disease in iRBD, MCI-LB, and DLB. We hypothesize that
amyloid PET and other biomarkers will be complementary in
characterizing clinical progression and trajectories in patients
with MCI-LB and DLB, as suggested before in a previous
study.5 Abnormal tau burden on PET will co-occur with high
amyloid load on PET in DLB and perhaps in a lower pro-
portion in MCI-LB. We also hypothesize that longitudinal
change in these biomarkers will be associated with longitudinal
cognitive decline in domains primarily involved in DLB and
that these associations will allow to differentiate between DLB
and AD at prodromal stages of the diseases. Finally, age, sex,
and APOE e4 will keep modulating these outcomes. Further
investigations with longitudinal designs and multiple imaging
biomarkers are still needed to test these hypotheses.

Current data demonstrate that, in the DLB continuum, abnor-
mal cortical Aβ accumulation in the cortex occurs along with
cognitive impairment, being significantly higher at MCI-LB and
DLB stages, but not at iRBD. Furthermore, APOE e4 carriership
is an important contributor to higher Aβ levels at both MCI-LB
andDLB stages. Finally, Aβ load is associatedwith the number of
core clinical features of DLB that differentiate possible and
probable categories in MCI-LB. Patients with possible MCI-LB
with just 1 core clinical feature of DLB tend to havemore cortical
Aβ pathology than probable MCI-LB. Therefore, possible MCI-
LB with high Aβ pathology may potentially evolve into an AD
phenotype with Lewy body disease as a contributing etiology of
cognitive impairment. Indicative biomarkers of DLBmay further
distinguish the possible MCI-LB who can potentially follow the
DLB vs AD dementia pathways. These findings have important
implications for future clinical trials targeting patients within the
DLB continuum during the prodromal stage.
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